Adipose tissue is involved in the etiology of postmenopausal breast cancer, possibly through increased sex steroid hormone production, inflammation, and altered adipokines. Vitamin D may affect these pathways but its effect on gene expression in different tissues has not been examined. 
INTRODUCTION
Obesity is an established risk factor for postmenopausal breast cancer. 1 Although the mechanisms linking excess body weight and breast cancer risk are not fully understood, proposed mechanisms underlying this association include alterations in the production of sex steroid hormones, insulin resistance, adipose tissue dysfunction and altered cytokine levels that result in a state of chronic low grade inflammation. 2, 3 Vitamin D insufficiency, which is commonly observed with obesity, 4, 5 has been inversely associated, [6] [7] [8] although not consistently, 9 with postmenopausal breast cancer risk in epidemiologic studies and clinical trials. Circulating vitamin D has been shown to have effects on several of the mechanistic pathways linking obesity and breast cancer risk, including leptin, 10 adiponectin, 11 insulin resistance, 12, 13 and markers of inflammation. 14, 15 The effects of vitamin D are mediated by binding of its active metabolite 1α,25-dihydroxyvitamin D (calcitriol) to the vitamin D receptor (VDR), a member of the nuclear receptor superfamily, which is expressed in adipose tissue and mammary epithelial tissue and shows altered expression in premalignant and malignant lesions of the breast. 16, 17 The 1α,25-(OH) 2 D 3 /VDR complex can up-regulate or down-regulate gene expression depending on the target tissue 18 and has effects on cell division, apoptosis, and contact inhibition. 19, 20 For example, calcitriol decreases aromatase expression and attenuates estrogen signaling in breast cancer cells, 21 and breast tumors with greater VDR expression relapse more slowly after first diagnosis. 22 In adipose tissue, VDR regulates metabolism 23 and calcitriol inhibits adipogenesis by acting on multiple targets including PPARG expression and modulating inflammation via reduced expression of inflammatory genes MCP-1, IL-6, and IL-8. 24 However, human studies of vitamin D and breast cancer risk are frequently limited to measuring peripheral blood biomarkers and few, if any, published data exist on the differential effects of vitamin D on gene expression in target tissues.
In the context of a 12-month, double-blinded, placebocontrolled randomized trial, we investigated the effects of oral vitamin D 3 supplementation (2000 IU/day) vs. placebo on the expression of 5 pre-selected genes in samples of breast random fine needle periaerolar fine needle aspirate (RPFNA) tissue and subcutaneous adipose tissue from a subset of postmenopausal women participating in a diet and exercise weight loss program. These genes were pre-specified for analysis based on their hypothesized involvement in candidate pathways linking adiposity, vitamin D status and breast cancer risk. The genes assayed and the hypothesized changes in expression are shown in Fig. 1 . The genes were: VDR which mediates the cellular effects of vitamin D and may modulate breast cancer risk; 25 Aromatase (CYP19A1) which regulates the conversion of testosterone to estradiol, and thus would be expected to increase breast cancer risk; 26 Peroxisome proliferator-activated receptor gamma (PPARG), a key mediator of adipogenesis that helps regulate fatty acid storage and glucose metabolism and which is overexpressed in breast tumor cells; 27, 28 Monocyte chemoattractant protein-1 (MCP-1) which regulates migration and infiltration of monocytes/ macrophages, and may promote breast tumor development; 29 and Adiponectin (ADIPOQ) which is involved in regulating glucose levels and fatty acid breakdown, and is inversely associated with cancer risk. 30 
RESULTS
The baseline characteristics of study participants are shown in Table 1 . In total, 79 eligible women consented to undergo RPFNA and abdominal subcutaneous adipose tissue biopsy at baseline; however, samples collected from one participant had insufficient yield for analysis resulting in a final sample of 78 women (vitamin D: N = 38; placebo: N = 40). The majority (92%) were non-Hispanic white; their mean age and BMI were 59.3 ± 5.2 years and 32.8 ± 6.0 kg/m 2 , respectively. At 12 months, 62 (79%) completed followup RPFNA and 61 (78%) completed abdominal fat tissue biopsies.
Cytology was assessed on the first 37 RPFNA samples. Baseline characteristics of these 37 participants were similar to those noted above. In this population of postmenopausal women, only 27% of samples contained epithelial cells; two samples contained sufficient cells for cytologic analysis (100-500 cells). For samples with epithelial cells, age was associated with higher cell count (mean age = 55.9 for participants with >50 epithelial cells vs. 60.2 for participants with <50 epithelial cells, p = 0.05). Because of low yield, cytology was not assessed on additional samples. Serum 25(OH)D increased a mean of 13.6 ng/mL in the vitamin D arm and decreased a mean of 1.1 ng/mL in the placebo arm over 12 months (p < 0.001). The mean weight change was −6.8% in both the vitamin and placebo arms (p > 0.05). Statistically significant correlations between baseline serum biomarkers and gene expression were consistently observed suggesting that our measures of gene expression provide good agreement with circulating levels of blood biomarkers (Supplementary Table 1 ).
Compared to placebo, women receiving 2000 IU vitamin D did not show any statistically significant changes in expression of the selected genes in either breast RPFNA tissue or abdominal subcutaneous adipose tissue ( Table 2) . Results were similar when this analysis included all available data compared to an analysis limited only to women with complete baseline and 12-month data. Similarly, no statistically significant differences in gene expression were detected across categories of weight loss (results not shown).
Correlations between 12-month gene expression changes in abdominal adipose tissue and breast RPFNA tissue are shown in In a subgroup analysis limited only to participants receiving vitamin D, women who became replete (i.e., 25(OH)D ≥ 32 ng/mL; N = 17) by 12 months showed a small decrease in MCP-1 expression in breast tissue compared to an increase among women who remained 25(OH)D "insufficient" despite vitamin D supplementation (N = 12) (replete: −1.6% vs. non-replete: 61.2%, p = 0.015); no statistically significant differences in adipose tissue gene expression were detected (Table 4) .
DISCUSSION
Weight loss through caloric restriction and exercise has been shown to significantly reduce serum biomarkers of postmenopausal breast cancer risk. [31] [32] [33] However, to our knowledge, this is the first behavioral weight loss intervention study to measure the effect of vitamin D supplementation on gene expression within candidate pathways linking adiposity, vitamin D status and breast cancer risk, as well as the first to study the differential effects of vitamin D administration on gene expression in adipose and breast tissue.
Using samples from both breast RPFNA and subcutaneous adipose tissue we observed no significant difference in gene expression changes during weight loss between women receiving Table 1 . Baseline characteristics of ViDA participants who consented to abdominal adipose biopsy (AB) and/or random fine needle periareolar aspiration (RPFNA) All ViDA trial participants (N = 218) All biopsy participants* (N = 78) 2000 IU vitamin D compared to placebo, nor were any significant differences in gene expression between groups detected across clinically meaningful categories of weight loss. Furthermore, the 12-month changes in gene expression observed in abdominal adipose tissue compared to breast RPFNA were not strongly correlated. In a post-hoc analysis limited only to women receiving vitamin D, women who became replete (i.e., 25(OH)D ≥ 32 ng/mL) showed a small but significant decrease in MCP-1 expression in breast RPFNA tissue compared to an increase in women who remained 25(OH)D "insufficient" despite vitamin D supplementation. The observed rise in women who remained vitamin D insufficient was contrary to our hypothesized direction of change but may reflect ongoing local tissue inflammation in our predominantly obese sample, or simply the variability of the gene expression in a small subset of women. Whether the magnitude of attenuation resulting from vitamin D repletion is sufficient to yield meaningful biological effects will require further investigation. These results should be considered hypothesis-generating for future studies but suggest that vitamin D dependent signaling may be tissue specific and dependent on the local availability of coactivators that form complexes with the 1α,25-(OH) 2 D 3 -VDR/ retinoid X receptor (RXR) heterodimer, which then either activates or represses target gene expression. 34 Our study is among only a few to have tested the effect of vitamin D supplementation on gene expression in the context of human obesity. Mirzaei et al. 35 measured VDR and PPARG expression during an 8-week randomized clinical trial in which 94 obese subjects were given daily placebo or 1 mcg alphacalcidol -a vitamin D analog that is rapidly converted to 1,25-dihydroxyvitamin D in the liver. After 8 weeks, the relative expression of VDR increased in the alphacalcidol group compared to a relative decrease in the placebo group; PPARG gene expression rose 6-fold compared to placebo. In contrast, Wamberg et al. 15 observed reduced mRNA levels of MCP-1 by 45% (p = 0.01), of IL-6a and of IL-8 by 34% (p = 0.002 and p = 0.03, respectively) in adipose tissue cultures incubated with 1, 25(OH)2D in vitro; yet, observed no similar reductions in adipose tissue inflammation in a concomitant in vivo study using samples of subcutaneous adipose tissue from obese subjects with plasma vitamin D < 20 ng/mL before and after treatment with 7000 IU vitamin D daily (n = 22) vs. placebo (n = 18) for 26 weeks.
It remains unknown whether vitamin D-related outcomes are more strongly related to achieving a specific magnitude of change in circulating 25(OH)D (e.g., +10 ng/mL) or to a change in status defined by reaching a specific threshold level (e.g., >32 ng/mL). This is an important area for future investigation, as is the potential effect of individualizing vitamin D therapy to repletion at specific levels. There remains no consensus definition for vitamin deficiency and insufficiency, particularly as they related to cancer outcomes. 36 A dose of 2000 IU may not have been sufficient to significantly alter our outcomes of interest. We may have observed stronger effects using a more conservative definition of insufficiency in our study sample or by including women with serum 25 (OH)D concentrations < 10 ng/mL, among whom the effect of vitamin D supplementation could be more pronounced. Other limitations include the fact that we tested only one dose of supplementation and did not test the independent effects of vitamin D without a weight loss intervention. Additionally, the biopsy methods used in the present study yield a mix of cell types. In particular, the RPFNA procedure yields a mix of epithelial and stromal cells, as well as adipose cells and infiltrating macrophages; therefore, in the subset of participants who became vitamin D replete, we cannot discern what cell types were primarily responsible for the change in MCP-1 without microdissection or analyzing genes specifically expressed by particular cell subtypes. Because our study population was predominantly non-Hispanic white, our results may not be generalizable to women of other racial/ethnic groups. Finally, since biopsies were completed in a subsample of all trial participants and the gene analysis was considered exploratory in our original protocol, we may not have had sufficient power to detect statistically significant effects. Strengths of our study include its double-blind randomized controlled design, its relatively long duration compared to other vitamin D supplementation studies, the ability to examine the effects of vitamin D supplementation directly in target tissues, and the ability to correlate these changes in gene expression with changes in serum biomarkers.
RPFNA is a minimally invasive, highly reproducible procedure 37 that has been used to assess short-term risk of breast cancer 38 and to track cytologic changes in breast epithelial cells, primarily cytologic atypia, 39 in response to risk reduction strategies. 40, 41 However, sample yield has been identified as problematic in several cytologic studies, [40] [41] [42] [43] including ours, highlighting the need for the discovery of additional markers, aside from cellular atypia, that can be used to assess changes in breast tissue in response to potential breast cancer prevention interventions. In the 79 samples obtained in our study, only one had insufficient cells for gene expression analysis. Others have also successfully measured gene expression in RPFNA samples. [43] [44] [45] This study supports using gene expression in RPFNA to measure the effects of preventive interventions in breast tissue.
Further study is needed to answer important questions that remain, including those about dose-response and the optimal vitamin D levels required to yield heath-protective benefits, the tissue-specificity of vitamin D's effects, as well as the timing of vitamin D exposure in relation to cancer etiology. Although this study suggests that vitamin D dependent signaling is tissue specific and that MCP-1 expression in breast tissue may be favorably altered by achieving higher serum 25(OH)D levels with supplementation, the overall effect of these changes is uncertain. Future studies should incorporate novel markers that can be feasibly and reproducibly sampled in breast tissue in order to more completely elucidate pathways of breast cancer protective effects.
METHODS
The Vitamin D, Diet and Activity (ViDA) study (www.clinicaltrials.gov Identifier NCT01240213), was a 12-month double-blinded, placebocontrolled randomized clinical trial comparing the effects of 2000 IU/day oral vitamin D 3 (cholecalciferol) supplementation vs. placebo on weight and other biomarkers of breast cancer risk in healthy overweight and obese postmenopausal women with serum 25(OH)D concentrations ≥ 10 and <32 ng/mL ("insufficient") who were participating in a lifestyle-based weight-loss program. 46 The accrual goal was 228 women; 218 were randomized. All study procedures were reviewed and approved by the Fred Hutchinson Cancer Research Center Institutional Review Board. All participants provided written Informed Consent.
Study participants
The main study is described elsewhere. 46 Briefly, postmenopausal (50-75 years) women with a body mass index (BMI) ≥ 25 kg/m 2 and serum 25(OH) D concentrations in the insufficient range (10-32 ng/mL) were randomly assigned to 12 months of either: i) 2000 IU/day vitamin D 3 supplementation + a lifestyle-based weight-loss program (n = 109; "Vitamin D"), or ii) daily placebo + a lifestyle-based weight-loss program (n = 109; "Placebo"). The primary trial outcome was weight loss; secondary outcomes were changes in body composition (waist circumference, trunk fat, and percentage body fat) and serum biomarkers (insulin and c-reactive protein). Exclusion criteria included: taking >400 IU supplemental vitamin D; renal disease; history of kidney stones; diagnosed diabetes, osteoporosis, or severe congestive heart failure; history of breast cancer or other invasive cancer excluding non-melanoma skin cancer; use of hormone replacement therapy within the past 6 months; alcohol intake >2 drinks/ day; current smoking; contraindication to taking 2000 IU vitamin D 3 /day; history of bariatric surgery; current use of weight loss medications; and additional factors that might interfere with the measurement of outcomes or intervention success (e.g., inability to attend facility-based sessions). All participants were offered participation in the tissue marker substudy that included collection of breast tissue through RPFNA and an abdominal subcutaneous fat pad biopsy.
Randomization
ViDA participants were randomized by permuted blocks randomization (1:1), stratified according to BMI (<30 or ≥30 kg/m 2 ) and consent for the optional breast RPFNA and abdominal fat biopsies. The sample for this study includes the subset of randomized women (n = 79) who consented for breast RPFNA and/or abdominal fat biopsies (Fig. 2) . All staff except statisticians were blinded to randomization status.
Interventions
The vitamin D 3 preparation (2000 IU cholecalciferol) and matching placebo (sunflower oil) gel capsules were created and bottled by J.R. Carlson Laboratories, Inc. (Arlington, IL) as previously described. 46 In the subset of participants with complete pill counts (Vitamin D: 54%, Placebo: 56%), pill compliance was 98 and 96% among women randomized to vitamin D and placebo, respectively.
The ViDA weight loss program included both a diet and exercise component adapted from a successful intervention that we have used previously, based on the Diabetes Prevention Program and Look Ahead lifestyle change weight loss programs. 47 The goals of the diet program were: total daily energy intake of 1200-2000 kcal/day based on baseline weight, less than 30% daily energy intake from fat, and a 10% reduction in body weight. The goal of the exercise program was: >45 min of moderateto-vigorous intensity exercise, 5 days per week (225 min/week) for 12 months. Sessions were performed in our supervised exercise facility and at home. 46 Study measures and data collection Demographic information, medical history, health habits, reproductive and body weight history, dietary intake and supplement use, physical activity, habitual sun exposure, anthropometric measures and body composition were collected at baseline (pre-randomization) and at 12 months. 46 Circulating 25 (OH)D, serum insulin, c-reactive protein (CRP), adiponectin, leptin and inflammatory cytokines (TNF-α, IL-6, IL-8, IL-10) were measured as previously described. 14, 46 Estrone and estradiol were quantified by specific radioimmunoassays after organic solvent extraction and Celite column partition chromatography 48, 49 at the Reproductive Endocrine Research Laboratory (University of Southern California, CA).
Tissue biopsies and RNA preparation RPFNA was performed by a trained physician or physician's assistant according to a method that has been described elsewhere. 38 In brief, lidocane was used to anesthetize the skin and deeper subcutaneous tissue at two areas in the breast (10:00 and 2:00 positions). Approximately 8 to 10 aspirations were performed using a 1.5-inch 21-gauge needle attached to a 10-12-mL syringe, prewetted with tissue culture medium; half done through the upper outer quadrant site and half through the upper inner quadrant site. Aspirate fluid from all sites was pooled, gently agitated, and placed in RNAlater TissueProtect Tubes (Qiagen Inc) containing 1.5 ml of RNAlater stabilization reagent before being flash-frozen and the stored at −80°C. Samples (N = 144) were subsequently thawed briefly (1 min) in a 37°C water bath before total RNA extraction.
Immediately following the RPFNA procedure, abdominal subcutaneous adipose-tissue samples (300-500 mg) (N = 141) were collected by needle aspiration biopsy approximately 2 inches lateral of the umbilicus under local anesthesia. 50 Tissue was flash-frozen and stored at −80°C. Total RNA was subsequently extracted from RPFNA samples using Qiagen RNeasy Micro kit (Qiagen, Valencia, CA) and from abdominal adipose tissue samples using the Qiagen RNeasy lipid tissue mini kit (Qiagen, Valencia, CA). RNA was quantified using Ribogreen (Invitrogen, Carlsbad, CA) and RNA integrity was assessed on a Bioanalyzer 2100 (Agilent, Santa Clara, CA).
Quantitative real-time polymerase chain reaction (qRT-PCR). Five genes were selected for qRT-PCR: CYP19A1, PPARG, ADIPOQ, MCP-1, and VDR. In addition, three housekeeping genes 18srRNA, beta-2-microgobulin (B2B), and Beta Glucuronidase (GUSB) were measured for normalization across samples.
Fifty ng of each RPFNA RNA and 100 ng of each adipose tissue biopsy RNA was reverse transcribed using the Life Technologies High Capacity cDNA reverse transcription kit (P/N 4374966). Following reverse transcription, the cDNA was used in a preamplification reaction (using Taqman PreAmp Master Mix) and the mRNA expression levels were determined using 2x Gene Expression Master Mix (Applied Biosystems) and predeveloped, inventoried Taqman gene expression assays, specifically assay Hs00240671_m1 (CYP19A1); Hs01115513_m1 (PPARG); Hs00605917_m1 (ADIPOQ); Hs00234140_m1 (MCP-1) and Hs00172113_m1 (VDR). Samples were batched together and reactions were carried out in triplicate on an ABI 7900HT real-time PCR system. Relative expression levels were calculated using the ΔΔCt method. Sufficient RNA was available from all samples to measure expression levels of all five genes of interest.
Assuming 80% power and intra-individual correlation of 0.85 in this pilot study sample, we calculated minimal detectable absolute differences in gene expression between study arms of 29 and 30% for VDR, 27 and 41% for CYP19A1, 10 and 21% for PPARG, 9 and 21% for ADIPOQ, and 17 and 50% for MCP-1, in abdominal adipose and breast RPBFA tissue, respectively.
Statistical analyses
The mean 12-month changes in gene expression in the vitamin D group were compared to placebo using the generalized estimating equations (GEE) modification of linear regression to account for intra-individual correlation over time. Models were adjusted for age, race/ethnicity (white, other), baseline serum 25(OH)D, total vitamin D intake (diet + non-study supplement), and average sun exposure (h/day). The GEE approach for mixed-model regression using the available data was applied to address missing data.
Changes in gene expression were also compared according to whether or not women receiving vitamin D achieved our pre-study definition of repletion (25(OH)D > 32 ng/mL). Pearson correlation coefficients were calculated between 12-month gene expression changes in breast RPFNA tissue compared to abdominal adipose tissue.
Supplemental analyses calculated Pearson correlation coefficients between gene expression and blood analytes (estradiol, estrone, insulin, CRP, adiponectin, leptin, TNF-α, IL-6, IL-8, 1L-10), both for baseline and change from baseline to 12 months, and examined changes in gene expression by degree of weight loss categorized according to clinically meaningful categories: no change/gained weight (referent); lost < 5% of baseline weight; lost > 5-<10% of baseline weight; or lost > 10% of baseline weight. 47 All statistical tests were two-sided; statistical analyses were performed using SAS software (version 9.4, SAS Institute Inc., Cary, NC).
